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a  b  s  t r  a  c  t
SiO2 nanolayer  coated  cubic  boron  nitride  (cBN),  cBN(core)/SiO2(shell)  powder,  was  prepared  by  rotary
chemical  vapor  deposition.  The  cBN/SiO2 powder  was  densiﬁed  by  spark  plasma  sintering  at  1873  K  for
0.3 ks.  The  hexagonal  boron  nitride  (hBN)  phase  was  not  observed  in  the cBN–SiO2 composites,  indicating
that  the  SiO2 nanolayer  depressed  the  phase  transformation  from  cBN  to hBN.  The  relative  density  ofvailable online 26 April 2014
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cBN–SiO2 increased  with  increasing  SiO2 content  (CSiO2 ). The  highest  hardness  of the  cBN–SiO2 composite
was  17.5  GPa  at  CSiO2 = 38  wt%  and  a load  of 0.98  N.
© 2014  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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n. Introduction
Cubic boron nitride (cBN) is the second hardest material next to
iamond [1,2]. The combination of the high thermal conductivity
nd hardness renders cBN as a cutting tool material. Diamond easily
eacts with iron group metals at higher than 973 K. These metals
re soluble in diamond and convert diamond into graphite, which
auses micro-cracks by volume change, decreasing the hardness
nd strength. On the contrary, cBN would not react with iron group
etals [3], and thus it is used for machining iron group metals at
igh cutting speed [4]. Due to its strong B N covalent bond, cBN is
sually consolidated at ultra-high pressure of several GPa, which
ncreases the fabrication cost and limits its applications [5–9].∗ Corresponding author at: International Advanced Research and Education Orga-
ization, Tohoku University, 6-3 Aramaki, Aoba-Ku, Sendai 980-8578, Japan.
el.: +81 222152106.
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pIn our previous work, various cBN-based composites, such
s Al2O3–cBN, TiN–cBN and SiO2–cBN, were densiﬁed by spark
lasma sintering using commercial powder mixture [10–13]. The
ardness and fracture toughness of the composites augmented
ith increasing cBN content up to 30 vol%. For example, the Vick-
rs hardness and fracture toughness of SiO2–20 vol% cBN were
2.5 GPa and 1.5 MPa  m1/2, about 2 times as those of the SiO2
ody, respectively [13]. In order to hinder the self-contaction
f cBN particles and improve the sinterability of cBN-containing
omposites, SiO2 nanolayer <20 nm in thickness was coated on
BN powder forming cBN(core)/SiO2(shell) structure by using
otary chemical vapor deposition (RCVD) method [14]. The hard-
ess value of the SiO2/cBN composite increased to a high of
4.5 GPa, 2 GPa higher than that using SiO2 and cBN mixture
owder. The phase transformation of cBN to hexagonal boron
itride (hBN) was hindered by SiO2 nanolayer. Therefore, the
BN(core)/SiO2(shell) powder is a promising source material for
he fabrication of high performance cBN–SiO2 composite. The den-
iﬁcation and mechanical properties of the SiO2–cBN composite
epended on the structure of cBN(core)/SiO2(shell), i.e., the thick-
ess of SiO2 layer. In order to improve the performance of the
BN–SiO2 composite, the thickness of the SiO2 nanolayer should
e optimized.
In the present study, the SiO2 content (SiO2 thickness on cBNowder) in cBN(core)/SiO2(shell) was changed up to 42 wt% by
CVD. The effects of SiO2 content on the densiﬁcation, phase trans-
ormation and hardness of the cBN–SiO2 composites by spark
lasma sintering were investigated.
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. Experimental procedure
A precursor of tetraethyl orthosilicate (TEOS) was evaporated at
83 K, and its vapor was  carried into the reactor by Ar at a ﬂow rate
Rs,Ar) of 0.83 × 10−9 m3 s−1. Oxygen was introduced into the reac-
or at a ﬂow rate of 0.25 × 10−6 m3 s−1. The reactor containing 4 g of
BN powder (Showadenko, 2–4 m in diameter) was preheated to
73 K. Four blades were attached to the inner surface of the reactor
o keep the cBN powder ﬂoating by rotation. The total pressure of
he RCVD apparatus was kept at 400 Pa. The details of the RCVD
pparatus can be found elsewhere [15,16].
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Fig. 1. TEM images of cBN (a and b) and SiO2 nanolayer coated cBN at CSiO2 =ic Societies 2 (2014) 204–209 205
The SiO2 nanolayer was coated on cBN (cBN–SiO2) powder by
CVD, and the cBN(core)/SiO2(shell) powder was prepared. The
BN/SiO2 powder was  ball milled for 6 h in ethanol using zirco-
ia balls (3 mm in diameter). After drying at 333 K for 24 h, the
illed powder was  sieved through the 200 mesh, and was ﬁlled
nto the graphite die of 10 mm in inner diameter. SPS (SPS-210LX,
PS Syntex Inc.) was used to consolidate the cBN/SiO2 powder
−1t 1873 K for 0.3 ks. The heating rate was  1.67 K s . The load
ressure was 100 MPa. The temperature was measured using an
ptical pyrometer focused on a hole ( 2 × 5 mm)  in the graphite
ie.
 15 wt% (c and d), 32 wt% (e and f) and 38 wt% (g and h), respectively.
2  Ceramic Societies 2 (2014) 204–209
m
X
w
t
J
r
m
o
[
T
h
w
H
w
t
w
f
(
(
[
K
w
o
3
c
h
n
(
t
e
p
n
a
F
c
1
1
a
i
a
e
a
1
a
o
c
m
a
c
t
h
t
c
c
S
Fig. 2. Shrinkage of cBN (a) and cBN–SiO2 composites at CSiO2 = 6 wt% (b), 15 wt%
(c), 32 wt%  (d), 38 wt% (e) and 42 wt% (f) from 1073 to 1873 K, and the isothermal
shrinkage at 1873 K for 0.3 ks.
Fig. 3. XRD patterns of cBN (a) and cBN–SiO2 composites at CSiO2 = 6 wt% (b), 15 wt%
(c), 32 wt% (d) and 38 wt% (e) after sintering at 1873 K for 0.3 ks.
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The SiO2 content in the cBN powder treated by RCVD was  esti-
ated from the weight change. The phase was examined using
-ray diffraction (XRD; Geigerﬂex, Rigaku Corp., Tokyo, Japan)
ith Cu K radiation. The microstructures were observed using
ransmission electron microscopy (TEM; JEM-2000EX, JEOL, Tokyo,
apan) and scanning electron microscopy (SEM, Hitach: S-3100H),
espectively. The density was measured using the Archimedes’
ethod and the relative densities were calculated from the the-
retical densities of cBN (3.49 g cm−3) [17] and SiO2 (2.20 g cm−3)
18], and averaged from three values measured for each sample.
he Vickers hardness (Hv) was measured using a Vickers micro-
ardness tester in a load between 0.0098 and 19.6 N. The hardness
as calculated from Eq. (1):
v = 1.854 × 10−9 × P
d2
(1)
here P (N) is the applied load and d (m)  is the average value of the
wo diagonal lengths for Vickers indentation. The KIC (MPa m1/2)
as calculated from Eq. (2) using the half length of the crack (c/m)
ormed around the corners of indentations The fracture toughness
KIC) was calculated from Eq. (2) using the half length of the crack
c) formed around the corners of indentations at the load of 9.8 N
19]:
IC = 0.073 × 10−6 ×
P
c3/2
(2)
here P (N) is the applied load and c (m)  is the average half length
f cracks.
. Results and discussion
Fig. 1 shows the TEM images of cBN (a, b) and SiO2 nanolayer
oated cBN at CSiO2 = 15 wt% (c, d), 32 wt% (e, f) and 38 wt% (g,
), respectively. The SiO2 nanolayers 50 nm and 100 nm in thick-
ess were uniformly coated on cBN at CSiO2 = 15 wt%  and 32 wt%
a–c) and 38 wt% (d–f). At a high SiO2 content of 38 wt%, the
hickness ranged from 100 nm to 290 nm.  The SiO2 nanolayer
asily formed on the surface of cBN at a low concentration of
recursor. But when the concentration became higher, the SiO2
anoparticles could form on the SiO2 nanolayers. Therefore, two
pparent SiO2 layers formed on cBN powder surface as shown in
ig. 1(h).
Fig. 2 shows the effect of SiO2 content on shrinkage of cBN–SiO2
omposites from 1073 to 1873 K and the isothermal shrinkage at
873 K for 0.3 ks. The shrinkage of cBN was not observed up to
873 K. The shrinkage of cBN–SiO2 composites stared from 1473 K
t CSiO2 = 6–42 wt%. At 1773 K, the shrinkage of cBN–SiO2 compos-
tes at CSiO2 = 6 wt% and 15 wt% was small and changed to slight
pparent expansion by the thermal expansion again due to the
xpansion of graphite die. The shrinkage of cBN–SiO2 composite
t CSiO2 = 38 wt% ended at 1673 K and kept almost constant till
873 K, indicating that sintering was completed.
Fig. 3 shows the XRD patterns of cBN–SiO2 composites sintered
t 1873 K. The hBN peaks were observed in the XRD patterns of
riginal monolithic cBN. No hBN peaks were identiﬁed in cBN–SiO2
omposites. A small peak of ZrO2 was identiﬁed due to the ball
illing contamination of the cBN–SiO2 powder. The cBN particles
re very hard and will cause the corrosion of ZrO2. In this paper, the
BN content decreased with increasing the SiO2 content, and thus
he ZrO2 intensity should decrease correspondingly. On the other
and, the relative density of ZrO2 would increase with increasing
he SiO2 content, because the relative amount of cBN decreased
orrespondingly, where the highest XRD peak is normalized to the
BN peak. Thus the maximum of ZrO2 peak appeared at the certain
iO2 content.
t
d
d
aFig. 4 shows the relative density of cBN–SiO2 composites at
SiO2 = 0–42 wt%. The relative density of cBN increased from 73%
o 97% with increasing CSiO2 from 0 wt%  to 32 wt%, and then slightly
ecreased to 96% with further increasing CSiO2 to 42 wt%. Chen
nd Yen [20] coated amorphous SiO2 layer on SiC whiskers (SiCw)
nd Al2O3 powder, and found that the amorphous SiO2 coating
mproved densiﬁcation of SiCw-reinforced Al2O3 composites. Since
morphous SiO2 can be sintered by viscous ﬂow at relatively low
emperature (∼1573 K), the amorphous SiO coated Al O pow-2 2 3
er was well sintered [21]. In the present study, the almost full
ensiﬁcation of cBN may  also be attributed to the sinterability of
morphous SiO2 shell due to the viscous ﬂow. The viscous ﬂow of
J. Zhang et al. / Journal of Asian Ceram
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the indentation marks of cBN–38 wt%  SiO composites (a, b).Fig. 4. Effect of CSiO2 on the relative density of cBN–SiO2 composites.
morphous SiO2 begins at about 1273 K and the outer SiO2 layer
ets the substrate and forms a concave neck around the contact
oint. In order to get a good viscous ﬂow, the SiO2 nanolayer should
e thick enough, and thus a proper thickness should be needed.
hat is why the highest relative density of 97% was  obtained at
SiO2 = 38 wt% (the thickness of SiO2 nanolayer is 100–290 nm).
he slight decrease to 96% at CSiO2 = 42 wt% might be due to the
gglomeration of the particles. Fig. 5 shows the TEM images of
BN–SiO2 composite (38 wt% SiO2) sintered at 1873 K for 5 min.
he cBN grains were bonded well by the SiO2 nanolayer. No trans-
ormed hBN phase was identiﬁed at the cBN/SiO2 surface.
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Fig. 5. TEM images of cBN–3ic Societies 2 (2014) 204–209 207
Fig. 6 shows the SEM images of SiO2 coated cBN at CSiO2 =
–42 wt%  sintered at 1873 K for 5 min. The white particles were
dentiﬁed to ZrO2 contamination by energy dispersive spectrum
EDS), which should come from the ball milling process. At CSiO2 =
 wt% and 6 wt%, the SiO2 coated cBN was not well sintered. With
ncreasing CSiO2 from 15 wt% to 32 wt%, the pores in cBN–SiO2 com-
osite deceased. At CSiO2 = 38 wt% and 42 wt%, the pores almost
isappeared. The core(cBN)/shell(SiO2) structure was observed in
he SEM images at CSiO2 = 32 wt%, 38 wt% and 42 wt%. With increas-
ng SiO2 content from 38 wt%  to 42 wt%, the size of SiO2 shell
ncreased, which was proposed to cause the decrease of hardness
n Fig. 7. In the present study, the almost full densiﬁcation of cBN
ay  also be attributed to the sinterability of amorphous SiO2 shell
ue to the viscous ﬂow. The viscous ﬂow of amorphous SiO2 begins
t about 1273 K and the outer SiO2 layer wets the substrate and
orms a concave neck around the contact point. In order to get
 good viscous ﬂow, the SiO2 nanolayer should be thick enough,
nd thus a proper thickness should be needed. That is why the
ighest relative density of 97% was  obtained at CSiO2 = 38 wt% (the
hickness of SiO2 nanolayer is 100–290 nm). The slight decrease
o 96% at CSiO2 = 42 wt%  might be due to the agglomeration of the
articles.
Fig. 7 shows the effect of CSiO2 content on the hardness
nd fracture toughness of cBN–SiO2 composites. The hardness
f cBN–SiO2 composites increased from 3.2 to 12.7 GPa with
ncreasing CSiO2 from 0 wt%  to 42 wt%. The highest fracture tough-
ess of cBN–SiO2 composites was  4.6 MPa  m1/2, about 8 times
igher than that of pure SiO2 (0.6 MPa  m1/2) [14]. Fig. 8 shows2
he crack deﬂection was observed in cBN–38 wt% SiO2 compos-
te. This might have contributed to the high KIC of cBN–38 wt%
iO2.
8 wt% SiO2 composite.
208 J. Zhang et al. / Journal of Asian Ceramic Societies 2 (2014) 204–209
Fig. 6. SEM images of cBN (a) and cBN–SiO2 composites at CSiO2 = 6 wt% (b), 15 wt% (c), 32 wt% (d), 38 wt%  (e) and 42 wt%  (f).Fig. 7. Effect of CSiO2 content on the hardness and fracture toughness of cBN–SiO2 materials.
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[18] SiO , JCPDS, International Centre for Diffraction Data, No. 27-0605.Fig. 8. Indentation marks of cB
. Conclusions
SiO2 nanolayers 6–42 wt% in content (CSiO2 ) and 14–290 nm
n thickness were coated on cBN powder (2–4 m in diame-
er) by RCVD at 973 K using TEOS as the precursor. The SiO2
anolayer enhanced the shrinkage cBN and thus increased the
elative density of cBN–SiO2 with increasing CSiO2 . The high-
st relative density was  97% at CSiO2 = 38 wt%. The hBN phase
as not observed in cBN–SiO2 composites, indicating that SiO2
epressed the phase transformation of cBN. The highest hardness of
BN–SiO2 composites was 17.5 GPa at CSiO2 = 38 wt%  and the load
f 0.98 N.
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